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ABSTRACT: Traditional biomedical products. often wtilize Antiinfinmmatary s
petroleum-based polymers, contributing to longterm environ- . L ""'":L"": ndasibg
mental pollution due to their nonbiodegradable nature. In £ A

response, this study introduces a novel cass of sustainable, eco- ‘m..- .....:.'..'m"...:f

friendly skin bum dressings using naturally derived materials,
including zein and lignin, combined with poly{vinylpyrrolidone)
(PVP). An antioxidant molecule, rutin, is embedded into the
matrices, and its sustained release from wvarious formulations. s el e T
assessed. Unlike previous approaches, this work imtegrates a dual E = - .
perspective: therapeutic efficacy and environmental sustamability. =
Comprehensive evaluations of the bincomposites include morpho- B E t ﬂ]ﬁ
logical, mechanical, and breathability assessments, as well as & Eco-friendly
bindegradability studies, which demonstrate significant biodegra-

dation in both agueous environments (biochemical oxygen demand wp to 22 mg O,/100 mg material) and soil (over 75% weight
loss after 4 weeks) compared to commercial patches. In vitro analyses reveal substantial protection against oxidative stress in
keratinocytes, with outstanding biocompatibility also observed in fibroblasts and endothelial cells. Histological examinations and the
analysis of inflammatory markers in pre- and postburn in vive mice models confirm the materials” efficacy in both prevention and
treatment of skin burns. By aligning with multiple United Mations Sustainable Development Goals (SDGs), this comprehensive
study takes a promising step toward developing sustainable and effective dressings for burn care and beyond.

KEEYWORDS: maturally derived componnds, eco-friendly biomedical materials, anfioxidants, wound healing, skin tisswe regereration,
biomaterial degradation
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1. INTRODUCTION Today, most medical devices and equipment are made of
The improper disposal of biomedical waste remains a pla,st[_cs,. most commonly polycarbonate (PC), poly(vinyl
significant barrier to achieving a sustainable, environmentally chloride) (PVC), polypropylene (PP), and polyethylene
conscious society. This issue jeopardizes the integrity of (PE). In this context, nonimplantable medical products such
ecosystems, the health of local populations, and the safety of as wound dressings, patches, plasters, and bandages are
medical personnel. Common biomedical plastic prodiscts, such commonly nonbiodegradable, with wound pads typically
as disposable syringes, blister packs for tablets, prosthetic made from PP and PE* Even if such petroleum-based
joints, IV tubes, blood bags, catheters, and heart valves, are materials (also called “passive wound dressings”) possess
essential for human health and wellbeing' Indeed, the good mechanical strength and low cost, they have no active
quantity of biomedical nondegradable waste is alarming, with function toward skin restoration (e.g, anti-inflammatory
this number projected to increase due to population aging. For activity) and lead to environmental concemns due to the
instance, the biomedical sector in the United States generates
nearly 5.9 million tons of waste annually, with plastics
accounting for 1.7 million tons.” The COVID-19 pandemic - T
has further intensified biomedical waste generation due to Pengiveily . ety 25 2205
enhanced protocols for handling, treatment, and disposal as Hevised:  Aogust 17, 2025
mandated by the Word Health Organization (WHO).' Accepted: August 18, 2025
Therefore, it is essential to manage and/or produce biomedical Pabliched: Angst 26, 3025
devices and materals in a sustainable way to lessen their

detrimental effects on the ecosystem.

accumulation of solid wastes.” The urgent need to employ
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maore environmentally friendly and biodegradable biomaterials,
as well as to optimize their functionality, is emphasized by the
Sustainable Development Goals (5DGs). In the wound
management context, naturally derived biodegradable materials
could align well with the ambitions of SDGs, in particalar,
SDG-3 {good health and well-being), SDIG-6 (clean water),
SDG-12 {responsible consumption and production), SDG-14
(life below water), and SIMG-15 (life on earth). They provide a
sustaimable, biodegradable, and cost-effective alternative to
synthetic materials and will lower pollution and plastic waste.
Their biodegradability offers an environmental advantage in
cases where they wnintentionally enter the environment or
landfills, even though proper disposal remains essential. In the
context of biomedical materials, natural, plant-based polymers
are more advantageous than those of animal origin due to their
sustaimability, abundance, ease of handling; low cost, and low
hunnmngenirity."

It i nowadays accepted that ideal dressings should be
biocompatible, anti-inflammatory, antimicrobial, and biode-
gradable while promoting a moist environment, adhesiveness,
gas exchange, re-epithelialization, and possessing optimized
mechanical properties for wound healjrlg_-"_q Soch multifunc-
tional dressings can be prepared by incorporating several
components to treat various stages of wound healing. In this
context, the major storage protein of corm, zein, an FDA-
approved biopolymer, has gained attention dwe to its plant-
based origin, biodegradability, low environmental impact, and
availability from agricultural byproducts, making it particularly
attractive for sustainable biomedical app]icatmns.m_u The
poor mechanical properties of zein could be overcome by
blending with appropriate copolymers, such as glycerol, and
poly(vinylpyrrolidone) (PVP), a widely wsed, cost-effective,
and pharmaceutically approved self-adhesive polymer, recently
described as a promising candidate for dressing material due to
its excellent flm-forming ability and h]rdmphilicit}r.n'l‘
Additionally, lignin represents a large group of aromatic
polymers resulting from the oxidative combinatorial coupling
of 4hydroxyphenylpropancids.”” It is one of the main
byproducts of the paper industry, representing an abundant
and renewable matwral resource often considered industrial
waste and mnsﬁtuttnii up to 30% by weight of dried
lignocellulosic biomass. " Globally, it is estimated that over
50 million tons of lignin are produced annually, primarily as a
byproduct of the pulp and paper industry, with the majority
being incinerated for energy recovery.!” This underutilization
contrasts’ with its significant potential as a sustainable raw
material for green chemistry and biorefinery applications.
Nowadays, lignin has been increasingly explored for use in a
wide range of high-value applications, including bioplastics,
carbon fibers, hydrogels, dispersants, adhesives, and functional
coatings, owing to its complex aromatic structure and high
thermal stahility.'™'" Moreover, unlike other natural polymers,
lignin contains a high pheneolic group content, contnbuting to
its strong radical scavenging aI:lilit}r.zD Biomedical products
prepared from lignin would be inexpensive and sustainable, but
also biocompatible, biodegradable, and antimicrobial.®*'
Recently, lignin has been highlighted as a nowel bioactive
natural polymer that can be applied as an antiomdant,
antivltraviolet agent, and a biocomponent for new adhesive
materials.” Together with plant-based polymers, the
benefits of plant-derived drugs for wound healing are often
supported by various biclogical benefits.™ For instance, rutin is
a flavonoid found in various plants, indluding citrus fruits. In

addition to its well-documented ability to reduce reactive
oxypen species (ROS) production in skin cells, studies have
also sugpested its potential role in modulating inflammatory
mediators, such as interleukins (1Ls), and growth factors,
which may further enhance its protective and regenerative
effects on the skin.**

The candidate materials selected for this work, distinguished
by their aforementioned excellent properties, have been
periodically addressed in recent literature as individual
components in burn dressings. For instance, a PVP-based
hydrogel, after proper cross-linking, has been proposed and
produced by Neoheal (Kikgel) and Nu-Gel (Systapenix) for
severe bums and has been blended with polysaccharides to
enhance its mechanical propertics and swelling behavior.™
Recently, zein was used with pectin to fabricate a microfibrous
scaffold loaded with vitamin C, promoting wound healing and
protecting against UV damage.” Furthermore, to overcome
wound dressing elasticity problems, which lead to failures in
the healing process, a stretchable skin burn dressing made with
zein and hydrogel poly(acrylic acid) was developed, reaching a
maxmum elongation at a break of 349.76%, thus a good
elasticity, as well as excellent adhesiveness to human finger skin
and stretchable ability under strenuwous joint exercise.” Lignin
cxtracted FromArtocarpus heterophyllus waste was employed to
fabricate a biocomposite with mechanical stability to promote
the advancement of NIH 3T3 cells, making it suitable for
applications in the wound healing context.”” As skin dressing
composites, the assessment of biocompatibility, their mechan-
ical properties, and release studies of the active compounds
were the main results reported, but no considerations
regarding the bindegradability of the materials or breathability
of the final dressing were assessed. In this regard, there are only
a few studies available in the biomedical literature to date that
simultaneously address the pharmacological properties of
innovative biomaterials alongzide their environmental implica-
tions, particularly their biodegradation in terrestrial or aguatic
ems;-r.stfm.suu This combined approach is essential for
advancing biomedical technologies that are both therapeuti-
cally effective and environmentally sustainable.

Despite the extensive wse of natural biopolymers such as
zein, PVP, and lignin in biomedical applications, existing
studies often focus on their individual use or composite
materials tested exclusively for biomedical or environmental
performance. In contrast, the novelty of this work lies in the
simultaneous integration of these three plant-based polymers
into a single biocomposite, loaded with the antioxidant
molecule rutin, and in the dual assessment of both biomedical
functionality and environmental sustaimability. To our knowl-
edge, this is one of the first comprehensive studies to combine
in vifro and in vivo testing with water/soil biodegradability and
breathability analyses of bioactive wound dressings. In
particular, an in-depth characterization was carmried out to
assess the morphological and physical-chemical properties of
the biocomposites. Driven by the individual properties of the
single materals, tests were performed to evaluate both the
biomedical (e.g, water vapor transmission rate to study the
breathability) and the environmental (e.g., biodegradability in
water and soil ) suitability of the biocomposites. The in vifro
experiments were conducted on a diverse range of human cell
lines to assess cellular responses, while the in wieo experiments
were performed on mouse skin to further corroborate the in
vilro findings and evaluate the thempeuwtic potental of the
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Photograph

SEM - Top view

SEM - Cross section

Figure 1. From the top to the bottom: photographs of the whole biocomposites (9 cm % 9 cm), SEM images of the top view, and cross sections of
LZP 1:5, LZP 2:4, LFZP 3.3, LZP 4%, and LZP 5:1 biocomposites, respectively.

proposed biocompesites in a living organism, preventing or
sulfering from burn injuries.

2. RESULTS AND DISCUSSION

2.1. Morphological Analyses. LZP biocomposites were
fabricated using a solvent casting method and exhibited a
reddish color, which is characteristic of lignin. No phase
separation occuarred after solvent evaporation, indicating a
homogeneous distribution of components throughout the
matrix {see Figure 1, left column). SEM analysis of both top-
view and cross-sectional images (Figure 1) further confirmed
this uniformity. No phase separation was observed in the cross-
sectional SEM images, and the film thickness remained
consistent at approximately 200 gm across all formulations.
Roughness analysis of the film surfaces was conducted by using
a profilometer. Images of the roughness profiles for all the
samples and their overall roughness (Rd) are reported in
Figures 51 and 52, respectively. LZP 1:5 showed roughness of
around 0.9 pm, whereas the film with the highest content of
zein presented a roughness value of 2.4 gm on average.

2.2. Physicochemical Properties: ATR-FTIR and XRD.
The physicochemical characterization of the developed flms is

14240 hitpefdaLang 12 Lacspuschem

reported in Figure 2. First, the soccessful removal of DMSO
from the (lms after washing was investipated by means of
ATR-FTIR and '"H NMR analysis as described in Supporting
Information {Figure 53). LZP biocomposites were chemically
characterized by ATR-FTIR, and spectra with main vibrational
modes are shown in Figure 2A, whereas spectra of the raw
materials are reported in Figure S4A as a control. The variation
in peak intensitics across the LZAP samples highliphts the
impact of the zein-to-PVP ratio on the chemical composition
of the composite. A prominent peak is observed around 1700
cm ', attributed to the C—0O stretching vibrations, which are
primarily associated with the presence of PVP in the blend.
Both PVP and zein present the carbonyl peak in their
maolecular structure; in fact, the relative peak at 1700 cm ! was
ohserved in all the specira. As can be noticed in Figure 24,
LZP 1:5, LEP 4:2, and LZP 5:1 presented lower intensities of
the peak at 1700 cm™!, whereas LZP 2:4 and LZP 3:3 showed
higher intensities. In particular, LZP 3:3 presents the highest
intensity of this peak. These results confirm that the
combination of the two components (zein and PVP) may
influence the material's interactions. Another significant band
appears around 1500 cm™!, associated with C—N stretching
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Figure 2. (A} ATR-FTIR spectra, (B) XRD specira, (C) stress—strain corves, () Young's Modulus, (E) cltimate tensile strength, and (F)
clongation at break of LAP 1:5, LEP 2:4, LEP 3:3, LEP 4.2, and LZP 5:1 biocomposites.

and C—N—H in-plane bending vibrations. This band indicates
amide 11 bonds, typical in proteins like zein.™* The three peaks
at 1460, 1442, and 1423 cm! have been assigned to the
bending vibrations of CH; of the pyrrolidone ring, typical of
PVP structure, as can be noticed in Figure 54A.%

The physical state of the biocomposites and raw materials
was evaluated by XRD, and spectra are reported in Figures 2B
and 548, respectively. As can be observed in Figure 548, PVP,
zein, and lipnin exhibit amorphous characteristics, whereas
rutin displays a crystalline structure, evident from its pattern
with multiple sharp peaks. On the other hand, the XRID spectra
of the fabricated biocomposites lack any characteristic peaks of
crystalline rutin, showing only broad peaks associated with an
amorphous state. This sugpests successful encapsulation and
homogeneous dispersion of rutin within the polymeric matrix.
Indeed, the eventual presence of micro/nano-crystals could
affect patient cmn&]iante, biocompatibility, and the release
profile of the drog.™

2.3. Mechanical Properties. To ensure the suitability of
the proposed plant-based dressings for diverse skin applica-

14241

tions, it is' essential that they exhibit adequate flexibility and
elongation. Therefore, the mechanical properties of the films
were assessed after conditioning at 50% relative homidity
(R.H.), with representative stress—strain curves for each
sample shown in Figure 2C. The curves indicate that samples
with higher zein content exhibited brittle behavior, whereas the
LZP 2:4 and 1:5 formulations displayed profiles characteristic
of ductile materials.

Mechanical properties of all LZP biocomposites were
evaluated, and results are reported in Figure 2D for the
Young's Modulus (YM ), Figure 2E for ultimate tensile strength
(UTS), and Figure 2F for elongation at break (EB). As
expected, the lowest ¥YM values were for LEP 1:5 and 2:4
(1509 + 59.7 and 1064 + 63.9 MPa, respectively), due to a
higher amount of PVP in the matrix with respect to zein. As
zein content increased, YM of 536.8 + 1194 and 5679 +
1323 MPa were measured for LEAP 3:3 and LYP 4:2,
respectively,  Therefore, a higher amount of zein in the
formulation increased the resistance to the elastic deformation
of the biocomposite. However, the trend is interrupted by LZP
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Figure 3. (A) Swelling degree (%) of LZP 1:5, LZP 2.4, L¥P 3.3, LZP 4:1, and 1.7P 5:1 biccomposites, (B) Radical scavenging activity (%) of the
ABTS radical from the LZP films over a period of 60 min, {C) Cumalative release profile of rutin from the films aver a period of 96 b, with inset
presenting the chemical structure of rutin, (D) Cumulative release profile of rutin from the films over a perfod of 24 b

5:1 with YM of 1269 + 24.1 MPa, sugpesting that further
increases in zein did not confer additional stifiness, and this
aligns with previous findings on neat films after conditioning.””
This trend was confirmed by UTS measurement, with LZP 1:5
and L¥P 2:4 presenting values of 5.3 + 0.6 and 4.6 + 0.6 MPa,
respectively, whereas LEP 3:3 and LZP 4:2 showed values of
7.8 + L1 and 8.0 + 1.7 MPa, respectively, confirming that
higher amounts of zein increased the maximum stress that the
biocomposite can withstand before necking and/or breaking.
As expected, LZP 5:1 presented U'TS of 2.5 + 0.3 MPa, likely
due to reduced PVP content, which acts as a plasticizer at 50%
R.H. conditioning, Indeed, since stress—strain curves of ductile
materials presented a plastic region, where UTS is a
characteristic property, the small concentration of PVP with
respect to zein made this sample less ductile than the others
and, therefore, less flexible and capable of deformation due to
its small plastic phase. Motably, all the proposed biocomposite
formulations exhibited UTS values significantly higher than
those typically reported for commercial wound dressings,
which generally show UTS below 1 MPa. This marked
improvement in mechanical strength further supports the
sgitability of the materials for practical wound care
applications.'®

Finally, as PVP content decreased across the LZAP
formulations, flexibility (measured as EB) also declined.
Specifically, LZP 1:5, LEP 2:4, LZP 3.3, LZP 4:2, and LZP
5:1 exhibited EB values of 132.1 + 22.3%, 94.8 + 184%, 12.4
+ I11.4%, 10.8 + 3.2%, and 7.6 + 3.9%, respectively,
demonstrating that lower PVP content correlates with reduced
flexibility and increased brittleness. These results highlight the
crucial role of PVP as a plasticizing agent and confirm that

14242

adjusting the zein-to-PVP ratio enables fine-tuning of
mechanical properties to meet the requirements of skin
applications. Notably, some commercial wound dressings,
such as Acticoat {composed primarily of polyurethane ), exhibit
EB values as low as 27%, which fall within the flexibility range
of the intermediate formulations (ie, LZP 3:3), further
supporting their potential suitability for practical use. ™

2.4, Behavior of the Films in Aqueous Environment.
The ability to absorb moisture is crucial for skin bum
dressings, as it allows for a balanced hydration level at the
wound site, promoting an optimal healing environment and
preventing excessive dryness. The biccomposites” hyprosco-
picity was evaluated in terms of water uptake, revealing that at
high relative humidity conditions, between 84 and 100% R.H.,,
the biocomposites for any amount of zein and PVP had a water
uptake comprised between 50 and 150% of their weight (see
Supporting Information, Figure 53). This substantial water
uptake capacity sugpests that these biocomposite ilms could
serve as effective moisture-absorbing dressings, potentially
beneficial in managing exudates from wounds or bums.

The swelling properties of the biocomposites were evaluated
after 24 h of immerston in Milli-Q} water, and the results are
shown in Figure 3A in terms of swelling degree (SD). As
expected, due to the high water solubility of PVP, the sample
with the highest amount of PVP (LZP 1:5) dissolved
completely, preventing SD) calculation. For samples with
moderate PVP content, such as LAP 2:4 and LAP 3:3, 5D
values were high, reaching 2446% and 2120%, respectively. In
contrast, samples with higher zein content, LZP 4:2 and LZP
5:1, showed reduced but still substantial swelling degrees of
1080% and 780%, respectively. These swelling properties
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indicate that, when in contact with water, the biocomposites
swell without disintegrating, forming a soft hydrogellike
consistency. This characteristic is particularly valuable for
bumn healing applications, as the hydrogel structure can help
maintain 2 moist environment, protect the wound from
dehydration, and provide a coshioning effedt, wl'uch promotes
tissue regeneration and enhances patient comfort.™ Compar-
ing the aforementioned results with the literature, it is evident
that the 5D walues obtained for the LZP biocomposites are
significantly higher than those reported for the individual
components or similar blends with other materials, which
rarely exceed 400%.*"** Notably, the swelling degrees of the
LZP biocomposites are comparable to or even exceed those of
several commerdially available wound dressings. For example,
Kaltostat exhibits one of the highest reported swelling
capacitics at approximately 2300%, Agquacel Ag shows values
around 1450%, and Mepilex reaches roughly 1100%. Other
common dressings such as Hydrosorb, Duoderm ET, and
Acticoat typically demonstrate swelling degrees helow 500%™
This -comparison further underscores the excellent swelling
performance of the developed biocomposites and their
potential suifability for advanced wound care applications.
The water vapor transmission rate (WVTR) of the
biscomposites was measured to assess their ability to regulate
moisture loss, with values for LEP 1:5, LEP 2:4, LZP 3:3, LZP
4:2 and LZP 5:1 presented in Table 1. Interestingly, the zein-

Table 1. WVTR (g/m*-day) of LZP 1:5, LZP 2:4, LTP 3:3,
LZP 4:2, and LZP 5:1 Biocomposites

smple WVTR (g/{m day))
LZP 15 1664 + 180
LZP 2:4 1955 + 130
LZP 33 1913 + 72

LZP 42 1906 + 136
LZP 5:1 1248 + 602

to-PVP ratio did not significantly impact this parameter, as all
samples exhibited 3 WVIR close to 2000 g/(m’day). This
rate alipns well with the literature-recommended WVTR of
approximately 2028 g/ (m®day), which is considered optimal
for wound heal.'mg.“ A similar WVTR value helps maintain a
balanced moisture level by preventing both excessive
dehydration, which can impede healing, and fluid accumu-
lation, which can increase the risk of infection. These findings
confirm the suitability of LZP biocomposites as bum dressings,
offering a balanced environment for wound healing,

2.5. ABTS"" Assay. Oxidative stress, which is exacerbated
following burn trauma, is well-re ized for its detrimental
impact on wound-healing processes.” The antioxidant activity
of the prepared samples was determined with the ARTS*
assay accnrd].ng to the method previously described im the
literature.*® As illustrated in Figure 3B, the flms exhibited
robust radical-scavenging activity (RSA), with all formulations
achieving 87—94% RSA after 60 min, indicative of significant
antioxidant potential. Specifically, RSA values were measured
at 94.1%, 89.4%, 86.8%, 90.3%, and 91.7% for LZP 1:5, LZP
2:4, LZP 3:3, LEP 4:2, and L4AP 5:1, respectively,
demonstrating a consistent and potent antioxidative response.
This activity is largely attributed to the synergistic effects of
rutin, lignin, and lignin-derived compounds within the films. In
fact, rutin is a widely known antioxidant molecule from the
group of flavonoids, while the antioxidant power of lignin can

14243 hhps.l'n'rlu.l.ure 102 Lacspuschem

be ascribed to its phenolic rings, able to react with the ABTS
radical “* The rapid release of rutin was sufficient to
neatralize ABTS radicals within the testing time frame,
underscoring its capacity to counteract oxidative stress.
Moreover, when degrading, lignin-derived compounds with
smaller molecular weights are penerated, which possess more
phenalic hydroxyl groups due to the breakage of ether bonds.*”
These findings sugpest that the fAlm's inherent antioxidant
properties hold significant promise for mitipating oxidative
damage and supporting healing in burn wound environments.

2.6. Drug Release Profile. When a dressing is applied to a
wound bed, it elfectively creates two distinct environments: the
extermal, drier surface exposed to air, and the internal,
moisturized damaged tissue beneath. Transwells were wsed
for the drug release studies to replicate this deal-compartment
condition. The rutin release profiles from the LZP samples are
presented in Figure 3C and 3D, showing an initial release
within the Orst 6 h from 29.8%, 25.8%, 22.9%, 17.7%, and
10.0% for LEAP 1:5, 2:4, 3:3, 4:2, and 5:1 film, respectively.
I'his early phase highlights that the films avoid a burst release
of rutin, which can compromise treatment efficacy.™ Beyond
this initial period, the release continued in a sustained manner,
reaching cumulative values of 95.1%, 80.4%, 73.3%, 61.3%, and
31.5% after 96 h for the respective formulations (Figure 3C).
These release kinetics align with the films’ swelling behaviors,
showing reduced swelling with increasing zein content (see
Figure 3A). Compared to PVP, wein's amphiphilic nature
restricts matrix swelling and subsequently modulates druog
release. Similar results from the literature confirmed the
aforementioned suppnsiﬁﬂns.“ Additionally, the drug release
kinetics were evaluated using scveral well-established mathe-
matical models to better understand the mechanisms
governing the release profile (Table 51). Among the models
tested zero-order, first-order, Higuchi, Korsmeyer-Peppas, and
Hixson-Crowell, the first-order and Higuchi models consis-
tently provided the highest correlation coefficients (r%),
indicating that the drug release is likely governed by
diffusion-controlled mechanisms, Notably, the Higuchi model's
strong fit suppests that diffusion through the zein-lignin matrix
plays a significant role in the release process, particulardy for
the sample LZP 4:2, where the r* value is close to 1. On the
other hand, the high content of PVP in the sample LZP 1:5
leads to faster initial drug release, facilitating drug dissolution,
which would align with the first-order release observed in these
samples.™

2.7. Biochemical Oxygen Demand (BOD). The
biodegradability in seawater of the developed biocomposites
was assessed as Biochemical Oxygen Demand (BODY), a widely
recognized metric for assessing novel bioplastics and food-
related materials. As expected, the commercial wound patch
showed no sign of biodegradation, underscoring the need for
alternative, cco-friendly materials. Prior studies have shown
BOD values of 9 mg O4/100 mg for pure PVP films and 83 mg
O,/100 mg for pure zein films over 30 days, establishing a
comparative baseline.”” As presented in Figure 44, the BOD
results for the biocomposites demonstrate a clear correlation
with zein content: LAP 5:1, with the highest zein
concentration, achieved the highest BOD of 2272 mg O,/
100 mg, followed by LZP 4:2 (13.12 mg O,/100 mg), LZP 3:3
(20.47 mg Oy/100 mg), LZP 2:4 (482 mg 0,/100 mg), and
LZP 1:5 (478 mg O4/100 mg). This trend indicates that zein-
rich films exhibit enhanced biodegradability due to zein's
protein structure, which is more susceptible to microbial

1720
Eng. 2025, 13,1 14353



ACS Sustainable Chemistry & Engineering pubs_acs.omy/journalfascacy Roscarch Artida
A B
= 25 | Commarcial patch (Control) 100
% ® Callulose micrecrystallina T L
2 anl ® LZP 8T * .
2 21 2 Zpaz pata?® _"T! N
EJ bl l'- ""' E
154 & | FP24 ." L] :EU*
= 42P1E . P a
L T LL ¥ ey Sk
~, 104 TRPTY T T
Dﬁl » "l' _.*-' ‘_uu". ?4':'
2 R 2
E 5 '..‘-:::‘I:‘ﬁ“ii"""':::"‘ 2|:|.
(=] Rydity ot bk
@ n-'.'.'.'.'.'.'...;......l:............. U
0 5 10 15 20 25 30 & & » s A
7 3 E b v
Time {diays g‘* % -ﬁm Qﬁ *
(days) ! o \:;,
Control LZP 1:5 LZP 2:4 LZP 3:3 LZP 4:2 LZP 5:1
- ==
:‘ —
a 5 .
== -

Figure 4. (A} Biochemical oxygen demand (BODY) in seawater a5 a function of time (30 days) for the LZP films, microcrystalline cellulose, and
synthetic commercial patches; {B) Biodegradation in soil expressed as weight loss (%) of synthetic commercial med-patch (control), LZP 1:5, LZP
2.4, LZP 3.3, LZP 42, LLP 5:1 biocomposites after one month; {C) Pictores of commercial patch (control), LZP 1:5, LXP 2.4, TZP 3.3, L7P 4.2,
LLP 5:1 samples after 1 day, 2 weeks and 4 weeks in soil. The scale bar iz 1 om.

degradation. In contrast, the lower BOD wvalues of PVP-
dominant flms suggest reduced biodegradability, likely owing
to PV's inherent chemical stability. Notably, the intermediate
formulation, LZP 3:3, exhibited a high BOD consistent with its
increased water uptake capacity (Figure 55), which likely
fosters microbial colonization and accelerates biodegrada-
tion.”* These findings underscore the tunable biodegradability
of LZP films through compositional adjustments, highlighting
their potential as eco-friendly alternatives to conventional,
nonbiodegradable passive wound dressings.

2.8. In-Soll Biodegradation. The in-soil biodegradation
of LZP biccomposites was evaluated, with primary results
presented in Figure 4B,C. After just 1 day in soil; all LZP films
showed wisible signs of shrinkage and bending wpon drying,
and soil particles adhered to their surdaces (Figure 4C). Over 2
to 4 weeks, degradation progressed across the samples, with
LZP 5:1, LZP 4.2, and LZP 3:3 films fragmenting into smaller
pieces. In contrast, the synthetic commercial patch (control)
exhibited no observable degradation throughouot the study
period. This visual trend was substantiated by weight loss data
collected -after a month (Figure 4B), revealing a direct
relationship between the film composiion and degradation
rate, Specifically, LZP 5:1 exhibited the highest weight loss at
approximately 76.2 + 9.2%, with depradation decreasing as
PVP content increased: weight loss was 38.9 + 6.5%, 23.6 +
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2.8%, 1L1 + 0.14%, and 2.8 + 1.8% for LZP 4:2, LZP 3:3,
LEP 2:4, and LZP 1:5, respectively. The control patch showed
negligible weight loss over 30 days. These findings suppest that
the elevated degradation rates in zein-rich films, as evidenced
by the significant weight loss in LZP 5:1, align with the BOD
assay results (Figure 4A), confirming that a higher zein content
promotes faster biodegradation. This reinforces the potential
of LZP films as sustainable altermatives to conventional
nondegradable dressings.

29. In Vitro Biocompatibllity Assays. 2.9.1. Cell
Viability Assay. The best overall physicochemical properties
were observed in the LEP 2:4, 3:3, and 4:2 films, which also
showed excellent breathability (Table 1), Among these, the
LAP 2:4 and 4:2 films were selected for further in-depth in
vitro studies as they represent the two compositional extremes:
one with a higher zein content and the other with a higher PVP
content. Nevertheless, the cytotoxicity assessment (performed
on HaCaT, HFF-1, and HUVEC cells} was carried out for all
LZP films to investigate the biocompatibility of the patches
with varving ratios of zein and PVP. At 24 h, all cell lines
exhibited wiabilities well above the 70% threshold across all
tested concentrations, suggesting good initial biocompatibility
of the LZP films (Figures 5 and 56). Interestingly, after 24 h,
the highest concentration of the 4:2 LZP formulation
demonstrated a stimulatory effect on cell proliferation in
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Figure 5. In vitro biocompatibility anabyses. HaCa'T, HFF, and HUVEC cell viahility were measured with the MTT assay (A, C, E) after 24 and (B,
D, F) 48 h of exposure to control media or LZP 2:4 and 4:2 extraction media at different concentrations. The control valoe is set to 100% and the
values for the other conditions are normalized to it. Dashed lines represent the 70% cotoff level established by 150 10993 —513. *p < 0.05. (G, H)
In vitro antioxidative assays. The relative decrease of detected ROS shows the protective effect of LEP 2:4 and 4:2 extracts (at different
concentrations ) on H;05-treated HaCaT cells. Intracellulzr ROS generation was measured using the DCFH-DA assay. *p < 0L05, ¥*p < 001, **¥p

< QU001

HUVEC cells, resulting in a sipnificantly higher cell wiability
compared to the control. This increase in cell viability suggests
that the specilic compaosition and concentration of the 4:2 LZP
hincomposite may enhance cellular proliferation in certain cell
types, potentially due to surface properties and favorable
interactions between the biocomposite components, and
cellufar pathways. After 24 h it can be observed that 86.1%,
100.4%, and 124.1% of HaCaT, HFF-1, and HUVEC,
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respectively, remained wviable when mcubated with LZP 2:4
at their highest concentration (e, 5 mg mL™), while slightly
higher values were found with LZP 4:2 (105.8%, 122.7%,
126.5% for HaCaT, HFF, and HUVEC, respectively). After 48
h, HFF and HUVEC cells showed a slight concentration-
dependent increase in viability for LEP 1:5, LZP 2:4, LZP 3:3,
and LZP 4:2 and their viability remained largely above 70%,
while on HaCaT cells, a modest reduction is showed
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Figure 6. In vive analyses. Experimental steps in the prebom {(A) and postburn (B) mice model, with LZP samples placed on the dorsum of the
mice as preventing or treatment dressings, respectively. Skin samples from naive {pon-UVB-exposed), SHAM {untreated), and biocomposites-
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Figure 6. continued

Commerdally available dressings (Le., Connettiving, named as CON in the graphs) were also used as control materials. Epidermal thickness (G in
the dorsal skin of naive; SHAM, LZP-treated mice, and CON-ireated mice. (H) Photographs of H&E-stained skin sections showing decreased

epidermal thickness in L{P-treated mice. *p < 0.05 v= 5H!

were designed osing www. Canva.com,

approaching the 70% viability threshold for LZP 2:4 (Figure
5B) and LZP 3:3 (Figure S6B). Specifically, after 48 h, the
reported values are 74.6%, 110.5%, and 107.1% when testing
LEP 2:4 and 87.3%, 97.4%, and 94.3% using LZP 4.2, for
HaCaT, HFF, and HUVEC, respectively, at the highest
concentration of extraction media (ie, 5 mg mL™'). Overall,
cell viability >70% for all the tested samples with extraction
media of 1, 2.5, and § myg ml.~" indicates no toxicity of the
prepared films, according te the ISO10993—5 standard.
Therefore, the in vitro results demonstrate that LZP dressings
are fully biocompatible on keratinocytes, Gbroblasts, and
endothelial cells withouwt adverse reactions to cell proliferation.
2.9.2. Antioxidant Assay. To cvaluate the in wvitro
antioxidant capacity of LZP-extracted media, HaCaT cells
were exposed to H,(O4, and ROS formation or inhibition was
detected by wsing the DCFH-DA assay. Figure 5G,5H showed
that LZP-based media inhibited ROS production and
propagation indwced by H;O; stimulation on HaCaT cells in
a dose-dependent manner. In particular, the presence of 1 mg
mL™! of the tested solutions in the wells decreased H;0,-
indoced ROS generation by 39.3% for LZP 2:4 flms and
33.6% for LZP 4:2 films. Increasing the concentration of 1L7P
extract further amplified this effect, with the highest tested
concentration (5 mg mL™!) decreasing ROS formation by
81.9% in LZP 2:4 and by 66.2% in LZP 4:2 samples, indicating
a significant (***p < 0.01) dose—response effect compared to
the positive control. The difference observed between the two
formulations likely correlates with the enhanced rutin release
from the 2:4 formulation, as observed in drug release studies
(Figure 3C,3D), In particular, a higher rutin release from 1ZP
2:4 films is directly related to a higher dose of rutin in the
extraction media wsed for the antoxidant assays with HaCa'T
cells. Given that zein, PVP, and glycerol lack inherent
antioxidant properties, the observed ROS-scavenging effect
can be attributed to a synergistic action between lignin and
rutin released from the LZP films, like what has been reported
for the ABTS assay (see Section 2.5). Lignin, enriched with
phenalic hydroxyl groups, has been shown to protect cells from
oxidative damage by scavenging ROS and mitigating
a[:I|:||:|nt{:usi:~'..""t Mounting evidence has also indicated the role of
rutin in the protection against ROS-induced skin oxidative
stress and inflammation in a dose-dependent manner.”” To the
best of the authors’ knowledge, for the frst time, the
combination of lignin and rutin is reported as an antioxidant
polymer and a small molecule, respectively, to develop
antioxidant dressings for improved skin healing processes.
2.10. In Vive Analyses. 2.10.1. Expression of Inflamma-
tory Markers. Subsequently, an analysis of the anti-
mflammatory efficacy of the selected LZAP 2:4 and LAP 4:2
biocomposite dressings in mitigating UVB-induced skin
mflammation was carried out. Since it is known that UV
radiation induces ROS formation, activating the transcription
factor NIF-xB and stimulating the production of proinflamma-
tory cytokines (eg, IL-1f, 11-6) and growth factors (' TMNE-a,
VEGF),™ the cutaneous levels of these markers, 48 h post-
acute UVE exposure in untreated (SHAM), LZP-treated mice,

Fp < M v SHAM, **¥p < 0001 v= SHAM growp. The illustrations in A and B

and Connettivina-treated mice were assessed. The LZP and
Connettivina dressings were applied either as a preventative
treatment before UVE exposure (Figure 6A) or as a
postexposure intervention (Figure 6B), with results illustrated
in Figure 6 {C—F). Naive mice (unexposed to UVE) exhibited
low levels of cytokine expression, indicative of an absence of
inflammation. Conversely, SHAM mice (UVB-exposed, un-
treated) showed a significant increase in cytokine levels,
reflecting an acute inflammatory response. Treatment with
both LZP and Connettivina dressings, whether applied pre- or
postexposure, substantially reduced cytokine expression
compared to SHAM controls. Specifically, pretreatment with
LZP 2:4 and 4:2 films and Connettivina gauze resulted in
reductions of 58.8, 57.3, and 68% for IL-1f3, 87.7, 89.9, 85.5%
for Il-6, 59.7% and 74.8% for TNF-@, and 67.2, 70.9, 44.1%
for VEGF with LZP 2:4 and LAP 42 films, respectively.
Similarly, post-treatment application of LAP 2:4 films
decreased 1L-1f, IL-6, TNF-w, and VEGF levels by 66.7,
454, 699, and 70.0%, respectively, while LEP 4:2 films
achieved reductions of 62.1, 84.3, 85.0, and 67.9%, and
Connettivina lowered the inflaimmatory mediators levels of
7L1, 779, BL7, and 64%, respectively. No significant
differences were observed between the two LZP formulations
and the commercial product, These data suppest that LZP
cxtracts, rich in lignin and rutin, elfectively reduced the level of
inflammation, complementing the in vitro data in Figure 5. Asa
pretreatment dressing, these results can be ascribed to the
antiultraviolet activity of lignin, attnibuted to its abundance of
phenolic gmups.n As posttreatment, although lignin is not
per se an ant-inflimmatory compound, it certainly acts by
preventing  the nse of the mflammatory cascade and the
propagation of KOS, For example, Mahata et al. found that it
can inhibit in a dose-dependent manner the [1-1f production
in lipopolysaccharide (LPS)-induced RAW cells (ie, mono-
cyte/macrophage-like cells).”” While the antioxidant activity of
lignin is wsually assessed after am oxidative stress process is
induced in the animal model, here, for the Orst time, the
efficacy of lignin-based films both before and after the skin
injury was assessed and compared. On the other hand, rutin
has been previously suggested as an anfi-inflammatory
mediator in vive.”® For example, Choi et al. investigated the
effects of rutin on UVB-induced inflammation in wive and
stated that rutin may directly scavenge UVE radiation-induced
peroxyl and hydroayl radicals in mouse skin.™” In conclusion,
the proposed LZP flms could be suitable materials for
preventing and treating UVB-induced skin burns since they can
scavenge free radicals produced during such injuries and
reduce local inflammation of the skin tissue.

2.10.2. Histological Analysis. Histological evaluation of skin
tissues was performed by tissue sections stained with H&E to
monitor the wound healing process and detect possible toxic
effects of the tested materials. Both in control, SHAM, and in
treated wounds, a new epithelium had successfully formed. As
shown in Figures 60;,6H, and 57, the epidermal thickness was
significantly higher in SHAM mice (1354 ym) in comparison
with naive mice (19.4 pm). Both prebum and postbum
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applications of LZP 2:4 film, LZP 4:2 film, and Connettivina
significantly decreased the thickness of the epidermal layer
indoced by UVE rays. In particular, the epidermal thickness
was 24.7 pm (¥**%p < 0.001), 250 um (***p < 0.001), 32.7
pm (***p < 0.001) for mice pretreated with LZP 2:4, LZP 4:2,
and Connettivina, respectively. These indings underscore the
efficacy of these films in mitigating epidermal thickfnin{%
which is often a sign of excessive inflammatory response.
When dressings were used as postburn dressings, the epidermal
thickness was 36.1 pm (***p < 0.001), 413 pm (***p <
0.001), 292 um (¥**p < 0.001) with LPZ 2:4, LZP 4:2, and
Connettivina, respectively. While there were no significant
differences between the experimental groups treated with the
different dressings, these results emphasize the ability of LEP
dressings to modulate the skin's response to injury, and the
recorded effect was comparable to commercial products.
Together, these results strongly supgest that LZP dressings
exert a critical effect on the wound healing process by
significantly reducing epidermal thickness. This reduction is
likely a result of their ability to modulate the inflammatory
cascade, highlighting the films® potential as efective
therapeutic agents for skin regeneration.

3. CONCLUSIONS

This study presents a novel class of biodegradable
biocomposites composed of zein, lignin, and PVP, loaded
with the natural antioxidant rutin, specifically designed for the
treatment of burn injuries. These materials have been
combined for the first time to create biocomposites with
superior potential as burn dressings, surpassing current options
that often lack essential properties. The LZP biocomposites
offer excellent mechanical properties, optimal breathability,
and sustained antioxidant properties through the incorporation
of rutin, a natural antioxidant molecule, to support skin barrier
restoration  postinjury. The outstanding biocompatibility of
these materials was confirmed using cell lines swch as
fibroblasts, endothelial cells, and keratinocytes. The latter
also demonstrated resilience to oxidative stress in vitro due to
the synergistic effects of rutin and lignin-derived molecules.
The most promising biocomposites were tested in mouwse
models, where markers of inflammation, including cytokine
levels and epidermal thickness, corroborated the exceptional
performance of the proposed naturally denved dressings.
Moreover, biodegradability was a primary consideration, as
many current bum dressings are not environmentally friendly.
The plant-based biocomposites exhibited excellent biodegrad-
ability in both seawater and soil environments, aligning with
sustainmable practices and underscoring their environmental
relevance. Their plant-hased origin and degradability substan-
tially reduce the environmental footprint of postuse biomedical
materials. All the findings indicated that the LZP biocompo-
sites not only met but cxceeded the necessary criteria for
effective and environmentally friendly burn dressings, provid-
ing a compelling solution with enhanced healing properties.
The interdisciplinarity of this work perfectly aligns with United
Mations 5DGs, iIn particular SDG-3, SDG-12, S5DG-14, and
SING-15, contributing not only to scientific advancement but
also to sustainable and ethical practices in the biomedical field.

4. EXPERIMENTAL SECTION

4.1. Materials. Poly(vinylpyrrolidone} (PVP; MW = 380 kDa),
glycerol, zein (average MW = 20 kDa), ratin hydrate, kraft lignin
{average MW = 10 kDa), 22"-arino-bis{3-ethylbenzothiazoline-6-
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sulfonic acid) (ARTS), sodium hydroxide potassiom persulfate,
methanol, dimethy! sulfoxide (DMS0} and phosphate-buffered saline
(PBS) were purchased from Sigma-Aldrich {Milan, ltaly). Dulbecco’s
modified Eagle's mediom (DMEM), fetal bovine serum (FBS), and 1-
glutamine were purchased from Euroclone (Milan, ltaly). Dichloro-
Auorescein diacetate (DCFH-DA) assay kit was porchased from
Molecular Probes (Eugene). Deionized water (ddH,0) was supplicd
by a Milli-) Integral purification system (Merck Life Science, Segrate,
Italy).

4.2. Sample Preparation. LZP biocomposites were prodoced by
casting a solution, where the proportions of glycerol, lignin, 2nd rutin
were kept constant, while the rein-to-PVP ratio was systematicafly
varied across five different formolations, as detailed in Table 2. More

Table 2. Composition and Labeling of LZP Biocomposite
Samples, Indicating the Concentration of Each Component
in the Final LZP Solution (Expressed as % w/v)

rein (%  PVP(%  Gpmin (%  netin (% ghyoerol (%

label wiv) wiv) wiv) wiv) wiv]

A 98 4+ B8 195 156 a7
=5

LEP 195 390 195 156 067
24

LZP 02 192 195 156 0a7
i3

| A A0 195 L85 156 a7
41

LEP 488 098 185 L.56 a7
&1

in detail and taking LEP 4:2 as cxemplification, 580 mg of zcin
powder were dissolved in 870 L. of DMSO by vortexing, followed by
the addition of 7 mlL of methanol, 200 mg of FVF, and 100 mg of
rotin. This mixture was stimed continoously for 2 h to ensore
complete dissolution. Separately, 232 mg of ghycerol were dissolved in
7 mL of Milli-C) water, where 200 mg of lignin were added and bricfly
vortexed. The two solutions were then combined and stirred
overnight to achieve thorough dissolution and homogeneity of all
components. The final composite solotion was cast into 9 cm % 2 cm
Teflon sqnared Petri dishes. A schematic of the materals and
fabrication process s presented in Figure 7. Initial drying was
conducted at room temperzture under 2 fume hood for 24 b, followed
by drying on a hot plate at 65 °C for an additional 24 h to complete
the biocomposite formation. The resulting films were then washed
twice in Milli-{} water for 3} s cach to remove any residoals and
subsequently left to dry owvernight onder a fume hood at room
temperature.

4.3. Scanning Electron Microscopy (SEM) and Profilometer.
A variable-pressure JEOL JSM-640LA (JEOL, Tokyo, Japan)
scanning electron microscope equipped with a tungsten thermionic
electron source and working in high vacuum modality was otilized to
understand the morphology of the biocomposites. An acceleration
voltage of 10 BV was set. Before the analysis, the biocomposites were
covered with a 10} nm-thick film of gold using the Cressington 208HE
Sputter Coater (Cressington, Watford, UE).

The morphological characterization of the films’ surface was carried
out with a noncontact Zeta-20 Optical Profiler (Zeta Instruments,
Milpitas, CA). Oplical micrographs were acquired with objective
magnifications of 30, with 2 ¥ resclotion of about (W04 pm. The
roughness is expressed as the mean and 5D of 10 measurements.

4.4, Attenuated Total Reflection-Fourier Transform Infrared
(ATR-FTIR) Spectroscopy. A FTIR spectrophotometer (VERTEX
Tiv FITR, Broker} coupled with a single-reflection ATR accessory
with a diamond crystal (MIRadle ATR, Pike Technologies) was
atilized to chemically characterize raw materials and hiocomposites.
Speciral resolotion was 4 cm " and the scanned spectral region was
4000—600 cm ™. The resulting spectra were then normalized to their

maximom inkensity.
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Figure 7. Schematic illustration of LEP hiocomposite preparation. The illustration was designed osing wwnw Canva com.

4.5. Muclear Magnetic Resonance (NMR). NMR spectra were
acquired uwilizing an Avance 11 400 MHz spectrometer (Broker).
Chemical shifts are expressed in ppm and were determined by
reference to tetramethyl silane (TMS). Each sample {~20 mg) was
soaked in CDCl (~0.6 ml) overnight to extract and analyze any
DMSO residue. The resulting solution was then transferred to 5 mm
tubes and analyzed.

4.6. X-ray Diffraction (XRD). A Malvern PANalytical Empyrean
X-ray diffractometer {Malvern Panalytical, Malvern, UK.} equipped
with a 1.8 kW Cu Kua soorce sealed in a ceramic tobe, and a (0 Xe
proportional detector with a PixCel 3D 2 3 2 area detector was nsed
to imvestigate the physical state of the pristine components and
fabricated bincomposites. The samples were placed on quartz support,
and experiments were carried out utiliving a Co Ko anode (4 =
15406 A) at 45 KV and 40 mA from § to 807 240

4.7. Behavior of 5amples in Agueous Environments.
4.7.1. Water Uptake. The water uptake (WU) of the biocompuosites
was guantified by using the following egoation

W,

wu(se) = Nous ~ Pos 0y
Wi

(1)

Where Wiy is the weight of the samples at the different % BH.
conditions and W, i the weight of the samples at 0% F.H.

To perform the test, cach film was cut into | cm ® | cm pieces,
then preconditioned at 0% RLH. by using anhydrous silica gel and
wrighed by using a sensitive electronic balance { Wy ). Afterward, the
samples were then placed in a sealed chamber at varying RH.
conditions {11%, 44%, 84%, and 100%), obtained by wtiliving LiCl,
K,CO,, and KCI satorated saline solutions and water, respectively, as
previonsly reported in the literature.”’ Five samples were analyzed to
ensure the reliability of the measurement.

472 Water Vapor Transmission Rate ond Water Vapor
Permeability. The water vapor iransmission rate (WVTR) of the
biocomposites was determined at 25 °C and vnder 100% RLH.
conditions according to the ASTM E96 standard method. Specific
permeation chambers {7 mm inner diameter and 1{) mm inner depth)
were wsed, where 400 pl. of deionized water were placed to hawve
1007 B_.H. The films were cut, situated on the top of the permeation
chamber, and sealed through O-rings and screws. The chambers were
put in a desiccator and maintained at 0% FLH. by anhydrous silica gel.
The transfor of water from the chamber throegh the sample to the
silica gel was evaluated by collecting every hour for 8 consecutive
hours the weight changes of the chambers An electronic halance
(with (LODO1 g accuracy) recorded mass loss over time. The water
mass loss in the permeation chambers was plotted as 2 function of
time, and the siope of each resulting line was calculated wsing linear
regression to determine the WVTR wsing the following eguation

slope

WV gl 3¢ dog) )= @
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473 Swelling Properties. The swelling degree (5D, %) was
quantified by using the following equation

sn(%) = S M o o0 &)

Where w, is the weight of the samples in dry conditions, and wy is the
weight of the swollen samples. Before the experiment, the samples. In
detatl, samples with an area of nearly 1 cm® were preconditioned at
0% B.H by keeping them in a dry chamber with silica beads for 24 h
to remove all the absorbed homidity. Then, were immersed in 10
ml of Milli-() water, and weighted after 15 min, 3 min, 6 h and 24 h.
The excess water was removed by placing the samples on filter paper.

4.8. Mechanical Properties. All the biocomposites were tested
with uniaxial tension tests on a dual-colomn universal testing machine
Instron 3365 (Instron, Norwood, MA). Films were cat in dog bone
specimens {ten samples tested for statistical analysis) with 2 width of
4 mm and length of 25 mm, and, before the test, they were
conditioned at 24 "C and 50% FEH. by using an Espec SH-162
Environmental Chamber (ESPEC, Hudsonville, MI). Displacement
was applied at a raie of 10 mm/min. The Young's medoios (YM),
ultimate tensile strength (U'TS), 2nd clongation at break (EB) were
evalvated from the obtained stress—strain curves. Ten samples for
each biocomposite were tested.

49, Drug Release Studies. Circolar disks (@ 0.6 cm) were
obtained From LZP films and positioned inside 0.4 pm cutoff transwell
inserts (Comning Life Sciences, Lowell). The transwelks loaded with
the films were gently placed on the bottom well filled with 1.5 ml. of
PBS (pH 7.4) at 34 "C. Fresh mediom was substituted at cach time
point (0.25 to 96 h). All the volume was removed from the well,
diluted with another mL of PRS, and analyzed with a Cary 6000 UV—
vis-NIR spectrophotometer (Varian, Palo Alto) at 365 nm (1, of
rutin}.™ A calibration curve was used to extrapolate the concentration
of rutin released from the samples by comparing it to a set of standard
solutions. Data obtained were plotted as the cumulative amount of
drog released verses time: Additionally, the comulative release data
were fitted with established mathematical models (namely zero-order,
first-order, Higuchi, Hizson—Crowell, and Kmsmeycr—Peﬂgpns}.
providing insights into the underlying transport mechanisms. ™~ The
correlation coefficients {r%) were uwsed to identify the most
representative model, providing information on the drug release
mechanisms.

4.10. ABTS"* Assay. Following previously established protocols,
the antiodidant capacity of the films was assessed wing the ABTS
radical cation.”™"" To gencrate the ABTS radical, 2 7 mM ABTS
solution was reacted with 2.45 mM potassiom persalfate in the dark at
room temperatore for 16 b The resulting solution was diloted with
deionized water to reach an absorbance valoe of ~1.20 at 730 nm, as
measured with & UV—vis-NIR spectrophotometer. For cach sample, a
circelar film disk (@ (L6 cm) was immersed in 3 ml of the diluted
ARTS™ solution previously poured into 2 covette. The radical
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scavenging activity {RSA) at different time points for cach flm was
expressed as the inhibition percentage of free radicals by the samples
and calculated with the following cquation

—A

Ay (4)

where A, is the absorbance wvalue of the control radical solution
without the sample and A, is the absorbance of the radical solution
after incubation with the sample.

4.11. Biodegradability Assessment. 4.11.1. Biodegradability
in Water: Biochemical n Demand (BOD). The biodegrad-
ahility of the developed films was evaluated in a marine environment
using the Biochemical Oxygen Demand ( BOD) test, which guantifies
the microbial consumption of oxygen &u.nng the degradation of
organic matter in a dosed respirometer. Small square pieces (~5
mm sides) of each sample (approzimately 100 mg) were immersed in
432 ml. of natural seawater collected from the Genoa (Italy) area
shoreline. Two commercial refercnce materials were incloded: a
synthetic polymer-based patch and a patch made of microcrystalline
cellulose (MCC). Seawater, chosen to mimic actual environmental
conditions where dizsposzble skin patches coold end, already
contained microbial consortiz and the saline notrients needed for
their growth. The experiment was carried oot for 30 days at room
temperature inside dark glass botties with a volume of 510 ml,
hermetically closed with the OxiTop measuring head (WIW,
Weilheim, Germany). Sodium hydroxide was added as 2 CO,
scavenger to seqoestrate carbon dicedde produced during biode-
gradation. Biotic consumption of the oaygen present in the fee
volume of the system was guantibed and expressed as a function of
the decrease in pressure. Raw oxygen consumption data (mg Oy/L)
were commected for the background oxygen demand of the scawater
(blank) and normalized to 100 mg of test material (mg O,/100 mg

4.11.2 Biodegradability in Soil. The soil biodegradability of LZP
biocompasite films was assessed over M) days using a soil buorial test
according to 3 previously described procedure® Briefly, the soil
(Vigorplant Italia s.rl, Fombio, ltaly) was preconditioned by drying
at 105 °C to constant weight and rehydrating to- 50f% of its water-
holding capacty. Water loss from evaporation was compensated
periodically to maintsin 2 consistent microenvironment throughouot
the test. Samples, cut into 2 om ¢ 2 cm, were dried at 65 °C for 48 h
before being placed in a polyethylence-mesh bag and boried in 2 25 cm
¥ 25 cm ¢ 16 cm pot containing the soil. Commercial patches made
of synthetic polymers were nsed as a reference, with their adhesive
side folded inward to prevent interference from dirt adhesion. The
aszay was conducted indoors at the average temperature of 20 + 5 °C,
and the average relative homidity was 50 + 5% RH. Samples were
retrieved after 1, 14, and 30 days, gently deaned of soil particles, and
dried overnight at 44 °C before being photographed and weighed.
After 30 days, the samples were weighed (W) and the weight loss
(%) of cach sample was determined by comparison with the initial
weight (W), with the following equation

RSA(%) =

ight loss(%) = Wo= W oo 100
weight loss(%) = W, " (5)

4.12. In Vitro Analyses. Primary human keratinocytes (HaCaT,
Cell Line Service Heidelberg, Germany ) and primary human foreskin
fibroblast (HEF 1, ATCC) cells were cultwred in DMEM
supplemented with 10% fetal bovine serum (FBS) and 2 mmol/L
I-glotamine at 37 "C in an atmosphere of 5% CO, and 25% ain
Primary human umbilical cord endothelial cells (HUVEC, CAT: C-
12203, PromoCell, Germany) were cultured in Endothelial cell
medinom 2 Supplement mix (CAT: C-22011; PromoCell, Germany).

4121 MIT Assay. The cytocompatibility of 1ZP flms was
assessed following an adapted protocol hazed on IS0 109935
guidelines. The materials were first sterilized onder UV hght for 30
min and then incobated in cell culture medium at different
concentrations {1, 2.5, and 5 mg/ml.). Cells were placed at a density
of 5 % 107 in a final mediom volume of 1080 1. and allowed to reach

approximately 80% confleence. Subsequently, cells were guickly
rinsed with prewarmed PBS supplemented with Ca® /Mg™', and the
medinm in ecach well was replaced with the exiraction one {control
samples were treated with standard mediom processed as the
extraction solution). Afterward, cells were incobated for an additional
24 and 48 h. After cach time point, 05 mg/mL of MTT solution {3-
(4.5-Dimethyl-2-thiazolyl}-2,5-diphenyl-2H-tetrazolivm  bromide,
Merck Millipore, Germany) in PBS buffer was added to each well
to achicve a final concentration of 005 mg/ml. After 4 h of
incubation at 37 °C, the resulting formazan crystals were solubilized
in ethanol and guantified spectrophotometrically at 570 nm. The
absorbance valoe was measured at 570 nm, and the percentage of cell
viability was determined as the percentage of survived cells relative to
control cells. According to IS0 10993—5, materials are considered
noncytoboxic when ool viability exceeds 70%.

4.12.2. Antioxidant Assay. To evaluate the intracellular generation
and modulation of reactive oxygen species (ROS), HaCaT
keratinocyte cells were seeded in a @6-well microplate at a density
of 5 x 10° in a final mediom volume of 100 ul_ After 24 h of cell
growth in the presemce of the extraction media (most-promising
hiocomposites at concentrations of 1, 2.5, and 5 mg/ml., as described
in the previoos paragraph), cells were treated with 0.1 mM of H,0,
and incubated with 10 uM dichlorofluorescein diacetate (DCFH-DA)
in PBS for 45 min at 37 °C in the dark The protocol was slightly
adapted from previously reported methods in the litcrature™ Cells
treated onby with H,(% were used as the positive controls, while
untreated cells were used as megative controls. The presence of
peroxides doe to the oxidative burst in the cells was monitored by the
analysis of the conversion by cellular esterase of nonfluorescent
DCFH-DA to the highly Aoorescent compoond 20,70-dichlorofuor-
escein (FCF). The emitted fluorescence is directly proportional to
the concentration of hydrogen peroxide remaining inside the cells.
After washing in PBS, the cells were analyred osing a Spark
Multimode microplate reader (Tecan Groop Ltd, Mannedosf,
Ewitztrli.u.d:l with excitation/emission wavelengths of 485/535 nm,

4.13. In Vive Analyses on UVB-Induced 5kin Inflammation.
The in vive anti-inflammatory and protective effccts of 1Z2P
biocomposites were cvaluated wsing a2 UVB-indoced skin damage
model in C57BL/6] male mice (2 weeks old, Chares River, Ttaly).
Mice were hoosed in ventilated cages with ad libitom access to food
and water, under controlled temperature {21 + 2 °C), humidity (50 +
10%), and a 10/ 14-h light/dark cycle. All procedures complied with

Directive 2000/63/EU and were approved by the Italian
Ministry of Health (Protocol no. 746/2019-PR). The study was
conducted in full accordance with the 3Rs principles to minimire
animal use and suifering. Animals were anesthetized with 2 mixtore of
ketamine (10%) and xylazine (5% ), which was administered via a2
single intraperitoneal injection before indecing UVE bormns. The
hiocomposites were evaluated prebern {(as bum prevention tools) and
postburn (a5 bom treatment dressing). Morcover, commercially
available dressings were used as control samples {Connettivina gawees
from Fidia Farmacentic spa. Abano Terme, Italy). The bum.
wounds were induced as previously reported i the literature.**
Bricfly, UVB-induced bumns were generated by exposing a defined
dorsal skin area (1.5 em?) to a narrowband UVE source (TLOL A, =
312 nm, Philips, U.KC) throogh an opaque tube with a square window,
ensuring localized exposure and reproducibility (1000 m]/cm®).
Before or after the bum induction, the exposed arca was treated by
placing the proposed films and covered with Tegaderm in order to
prevent the mice from removing the treatment. Then, the mice
returned to their cages. The SHAM group was also covered with
Tegaderm. Maive mice followed the same procedures without being
exposed to UVB radistion and without any pharmacological
treatment. Mice were sacrificed 48 h postirradiation (n = 5 per
group), and dorsal skin tissues were harvested. Tissmes were
homogenized and centrifuged, and the supernatants stored at
—B0 7L for cytokine quantification. The levels of pro-
inflammatory factors, namely VEGF (vascular endothelial growth
factor), TNFx (tumor necrosis factor-a), IL-1§, and IL-6, were
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evalusted using ELISA quantikine kit (R&D system, Minneapolis),
according to the manuvfacturer’s instroctions. Cytokine concentration
was normalized agsinst the total protein content for a given sample, as
measured otilizing the bicinchoninic acid (BCA) assay (Thermo
Scientific, Rockford ).

Histological analysis was performed to determine epidermal
thickness, following previomsly established protocols™™ The skin
samples were taken from liguid nitrogen, and skin cryosections were
prepared with a cryostat (Leica Biosystems, Germany). Hematoxylin
and eosin (H&E) staining (Merck, Germany) was uwsed for
morphological assessment, and images wene aoquired with a Leica
DM550 optical microscope equipped with CCDY camera

4.14. Statistical Analysis. All the experiments were performed in
triplicate if not otherwise stated, and the resolts were reported as
mean % standard deviation (SD). The statistical significance was
evaluated using one-way ANOVA, followed by Bonferroni’s post hoc
test using Origin 2018 64Bit Valees of pvalue <003 (*), pvalue
<001 (**), and p-value <000 [¥**} were considered significant.
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